Introduction
The reaction between refractories and iron or steelmaking slag, namely, corrosion, is one of the main forms of chemical damage of fired refractories used in ironmaking and steelmaking processes. For example, in the steelmaking ladle, the lining structure of the slag line refractory generally comprises a wear refractory (in many cases, MgO-C brick, etc.), safety brick (in almost all cases, two layers) and the steel shell. Taking the corrosion behaviour of slag line refractories in the steelmaking ladle as an example, it is necessary to consider the reaction between the wear refractory and the slag in stable normal operation. However, if the wear refractory has fallen away for some reason, it is necessary to consider the reaction between the slag and the safety bricks. At this time, it is very important to understand the reaction behaviour between several types of slag and refractories, such as the wear refractory and the safety bricks, in order to establish countermeasures to prevent corrosion of the refractories by slag and to predict the corrosion rate in advance.
In the past, there have been many studies on the reaction between slag and refractories. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] To introduce some examples of research to date, the main objects of research were the reaction between steelmaking slag and MgO system refractories such as MgO-C brick ( (Received on October 4, 2016 ; accepted on December 6, 2016) The corrosion rate of Al 2 O 3 -SiO 2 system bricks, which are practical fired bricks, into CaO-SiO 2 -Al 2 O 3 -MgO slag was investigated, and the effects of temperature, refractory composition and mass transfer rate in slag on the corrosion rate of the bricks were discussed. As a result, the corrosion rate decreased as the alumina content in the brick increased. The corrosion rate increased with increasing temperature. The corrosion rate decreased with decreasing rotational speed, that is, mass transfer of Al 2 O 3 and SiO 2 in the slag phase. Corrosion proceeded at the rate of 1.3 mm/min even when the rotational speed of the refractory sample was 0 rpm. Based on an analysis of the experimental results from the viewpoint of transport phenomena, under the conditions of this study, it is estimated that the reaction proceeds under a condition in which natural convection is rate-controlling for mass transfer when the rotational speed is lower than 44 rpm, in a transition region, that is, a mixed condition of natural convection and forced convection, at speeds of 44-133 rpm, and under a condition in which forced convection is rate-controlling when the rotational speed is over 133 rpm.
KEY WORDS: corrosion; fired brick; temperature; mass transfer; natural convection; forced convection. refractories) in reports by Z. Yu et al. 11) and K. Matsui et al. 1) and the reaction between single-component materials and slag, for example, alumina ceramic refractories and steelmaking slag, represented by the report by K. Sandhage et al., 8, 9) among others. However, there are few examples of reports on the reaction behaviour between practical fired refractories such as Al 2 O 3 -SiO 2 system bricks, which are used as safety bricks, and multi-component slags, as represented by steelmaking slag, in spite of the importance of this subject. In particular, there are virtually no examples of reports on the wear rate of Al 2 O 3 -SiO 2 system fired bricks in the presence of slags with comparatively high concentrations of FeO or MnO, such as the slag at tapping of rimmed steels.
In addition, the effects of operational factors such as temperature and the stirring condition of the slag and molten metal, and the effect of the refractory material, namely, the chemical composition of the refractory on the corrosion rate of the refractory, which is the object of this study, have not yet been elucidated. In the future, it is thought that a more quantitative analysis of these factors will be needed in order to clarify the phenomena responsible for corrosion behaviour.
From the above, for the purpose of clarifying the basic factors which affect the reaction rate between steelmaking slag and bricks, the reaction rate of Al 2 O 3 -SiO 2 bricks and CaO-SiO 2 -Al 2 O 3 -MgO slag was investigated, and the effects of temperature, the chemical composition of the refractory and the slag mass transfer rate (mass transfer of the slag phase) on the corrosion rate of the bricks were studied from the viewpoint of reaction kinetics.
Experimental Method
The experimental method will be explained in this chapter. Figure 1 shows a schematic diagram of the experimental method. Metal and slag were introduced into a MgO crucible and melted by heating to the experimental temperature. After melting, a refractory sample, which had been processed to a cylindrical shape (φ 40 mm × 160 mm), was set directly above the MgO crucible and preheated by holding for 20 min. Then, the refractory sample was immersed in the metal, and the refractory was reacted with the molten slag by rotating the sample at a certain rotational speed for a fixed time. At this time, the temperature during the experiment was controlled with a thermocouple, which was set on the wall of the MgO crucible (the temperature of the metal was assumed to be the same as that of the thermocouple). After the experiment, the refractory sample was taken out and the amount of reaction with the slag was evaluated from the change in the sample diameter. In addition, with some samples, the vicinity of the refractory/slag interface before and after the experiment was observed by scanning electron microscopy (SEM), and the composition of the slag and refractory phases was checked by EDX. Table 1 shows the experimental conditions. As the metal, 1.8 kg of industrial pure iron was melted. The temperature in this study was varied between 1 823 K and 1 923 K so as to investigate the effect of temperature on the corrosion rate of the refractory. The rotational speed of the refractory sample was varied between 0 rpm and 300 rpm for the purpose of investigating the effect of the mass transfer rate of the slag phase on the corrosion rate. The holding time of the sample immersed in the slag and metal was set to 4 min.
The slag used in this study was a synthetic slag that was prepared by compounding various high-grade reagents (CaO, SiO 2 , Al 2 O 3 and MgO (over 99.9%)). The composition of the slag is also shown in Table 1 . Table 2 shows a list of the refractories used in this study. These samples are all general-purpose fired bricks. Two types of high-alumina bricks, which are categorized as H-1 and H-3 in JIS, 20) fire clay having an Al 2 O 3 content of 40% class and agalmatolite bricks were used. Figure 2 shows a photograph of a refractory sample after the experiment. A decrease of sample diameter due to corrosion was observed at the position of contact with the Fig. 1 . Experimental apparatus. (2) where, D 0 (mm) means sample diameter before the experiment, and D f (mm) means sample diameter at the corrosion zone after the experiment. Δt (min) means the elapsed time.
Experimental Results
The sample diameter at the corrosion zone after the experiment was determined as follows: First, the refractory sample was divided into two equal parts in the height direction.
The diameter of corroded sample at the corrosion zone was then measured at 10 mm intervals, and the average value of the diameter was adopted as a D f . Figure 3 shows the comparison of the corrosion rates of the respective refractory samples.
A decreasing tendency in the corrosion rate could be seen as the Al 2 O 3 content in the bricks increased. A list of the mineral phases of the bricks used as samples in this study is shown in Table 2 . Here, as a noteworthy phenomenon, the corrosion rate tended simply to change monotonously depending on the Al 2 O 3 content, independent of differences in the mineral phases making up the bricks. Figure 4 shows the relationship between the corrosion rate and the rotational speed of the sample. The corrosion rate decreased with decreasing rotational speed. Furthermore, it was found that corrosion proceeded at the rate of 1.3 mm/min even when the rotational speed was 0 rpm. Figure 5 shows the results of a study of the effect of temperature on the corrosion rate. The corrosion rate increased with increasing temperature. Arranging (analysing) these data by a Arrhenius plot, and assuming a linear relationship between the results of the analysis, if the apparent activation energy is evaluated from the inclination of the regression line, the value of 331 kJ/mol is obtained. This apparent activation energy was also compared with other reported data. Table 3 shows a list of the apparent activation energies obtained from the corrosion rates of solid Al 2 O 3 -based materials (mainly Al 2 O 3 ceramics) into slag, which were evaluated previously, [4] [5] [6] together with the temperature dependence of the diffusion coefficient of Al 2 O 3 in CaO-SiO 2 -Al 2 O 3 -MgO slag.
21 ) The apparent activation energy obtained in this study was similar to the previouslyreported values.
From the dependence of the corrosion rate on the rotational speed and temperature mentioned above, there is considered to be a strong possibility that the rate-controlling step of the corrosion rate of Al 2 O 3 system refractories in CaO-SiO 2 -Al 2 O 3 -MgO slag (in the range of this experiment) is diffusion of Al 2 O 3 or SiO 2 in the slag phase. Furthermore, the possibility that the temperature dependence of the corrosion rate is attributable to the temperature dependence of the diffusion coefficient or the temperature dependence of the viscosity coefficient of Al 2 O 3 or SiO 2 in the slag phase is conceivable. 4. Discussion
Determination of Rate Controlling
Step A reaction model was constructed, and the corrosion behaviour of the Al 2 O 3 -SiO 2 system bricks was studied from the viewpoint of reaction kinetics in order to analyse the experimental results of this study more quantitatively and explain the results more scientifically.
The reactions taken into consideration in this study are shown in Eqs. (3), (4) 
Generally, the following factors are conceivable as the rate-controlling step of the reaction rate when a solid oxide dissolves in a liquid-phase slag:
1. Chemical reaction at molten slag/solid interface 2. Mass transfer of elements or compounds between solid/liquid interface and bulk slag The rate-controlling step was studied as follows. Some reports have been noted that the formation of intermediate compounds was observed at the reaction interface in the dissolution reaction of a number of Al 2 O 3 system solid oxides into slag. First, this point was studied. Figure  6 shows the phase diagram of a CaO-SiO 2 -Al 2 O 3 -MgO system (isothermal section at 1 923 K).
6) The black circle (point 1) shows the initial slag composition at the start of the experiment, and the white circle (point 2) shows the point at which the slag and the refractory are completely mixed. Both exist as liquid phases at the experimental temperature (1 923 K), and formation of new intermediate compounds cannot be seen. Based on this, in the refractory/ slag system observed here, it is considered that reactions in which the refractory simply dissolves in the slag have occurred as shown in Eqs. (3), (4) and (5) . Figure 7 shows a photograph of the area around the slag/refractory interface after the experiment in this study. Neither a solid phase, which would be considered to be a reaction product, nor an interfacial layer caused by the reaction was observed. This same phenomenon was also observed with the other types of refractories in this study (see Table 2 ).
Furthermore, the apparent activation energy estimated in this study from the result of the Arrhenius plot in Fig.  5 (331 kJ/mol) showed a value similar to the temperature dependence of the diffusion coefficient of alumina and silica in the CaO-SiO 2 -Al 2 O 3 -MgO system slag listed in Table 3 . Moreover, because the effect of the rotational speed, namely the mass transfer rate of the slag phase (although this is a relative rate) on the corrosion rate of the refractory sample was large in the results in Fig. 4 , there is considered to be high possibility that the mass transfer of reaction products between the bulk slag and the reaction interface is the ratecontrolling step.
On the other hand, the possibility that the chemical reaction at the reaction interface is the rate-controlling step was also examined. First, if the formation of an intermediate compound at the reaction interface were observed, the compound-forming reaction would be the rate-controlling step, but because the formation of an intermediate compound was not observed in this study, this possibility can be rejected.
Next, the reactions shown in Eqs. (3)- (5) were examined. Assuming these reactions were the rate-controlling step, the temperature dependence of the reaction rate, namely, the apparent activation energy, would be expected to be larger than the apparent activation energy if mass transfer in the slag phase were the rate-controlling step.
22) The temperature dependence (apparent activation energy) of the dissolution rate of alumina into CaO-SiO 2 -Al 2 O 3 -MgO system slag is 440 kJ/mol at most, and the temperature dependence of the dissolution rate of silica was estimated as 234 kJ/ mol from the report by B. N. Samadder et al. 17) Further, the apparent activation energy of the dissolution rate of mullite into a slag, which is shown in Eq. (5), has been estimated as 52-396 kJ/mol. 18, 19) In all the reported values mentioned above, it was assumed that the rate-controlling step of the reaction rate was the mass transfer of the object oxide between the bulk slag and the reaction interface. The apparent activation energy obtained in this study is in the range of these reported values. From this, the possibility that a chemical reaction at the solid/liquid interface is the ratecontrolling step is considered to be extremely low.
Therefore, in the following, the dissolution rate of the refractory evaluated here was studied assuming that mass transfer of Al 2 O 3 and SiO 2 between the solid/liquid interface and the bulk slag is the rate-controlling step in all the reactions shown by Eqs. (3)-(5).
Kinetics Analysis by Reaction Model

Outline of Model and Assumptions
A schematic illustration of the reaction model discussed in this study is shown in Fig. 8 .
The assumptions used in analysing the reaction rates of these reactions (i.e., in construction of the reaction model) are as follows. figure) at the slag/refractory reaction interface were assumed to be pure. Numerical analyses were carried out based on these assumptions.
Reaction Equations
The reaction rate equations used in this study are explained in this section.
First, if it is assumed that the amount of weight reduction of the refractory due to the decrease of sample diameter per unit time is equal to the amount of reaction, Eq. (6) can be derived from the mass balance. where, γ (kg/s) is the amount of mass weight reduction of the refractory per unit time, ρ R (kg/m 3 ) is the bulk density of the refractory material, l (m) is the immersion depth of the refractory sample into the molten slag, r (m) is the radius of the refractory sample and ε is the porosity of the refractory ( − ).
On the other hand, the dissolution reaction rates shown by Eqs. (3)- (5) where, (%Al 2 O 3 ) A is the alumina (corundum) particle content in the refractory, (%SiO 2 ) S is the silica particle content in the refractory, (%Al 2 O 3 ) M is the alumina content contained in the mullite phase in the refractory and (%SiO 2 )
M is the silica content contained in the mullite phase in the refractory, and N (kg/s) shows the reaction rates (mass transfer rates) of each component. X is the percentage concentration of each element, k Al (m/s) is the mass transfer coefficient of Al 2 O 3 in slag, k Si (m/s) is the mass transfer coefficient of SiO 2 in slag and ρ slag (kg/m 3 ) is the density of slag. Combining Eqs. (7), (8) with (9), the overall reaction rate can be expressed by Eq. (10) . flow and a laminar flow can be expressed as Eqs. (12) and (13), respectively. [23] [24] [25] Here, the critical Reynolds number is approximately 15 000. (13) where, St is the Stanton number, Sc is the Schmidt number and Re is the Reynolds number. These can be expressed by Eqs. (14)- (16) Table 4 shows a list of the values used in the calculation of non-dimensional numbers. [26] [27] [28] [29] [30] [31] [32] [33] In this study, the immersion depth of the refractory sample in the slag was used as the representative length. The value of the diffusion coefficient was determined by calculation from the inter-diffusion coefficients of Al 2 O 3 -CaO and Al 2 O 3 -SiO 2 in Al 2 O 3 -SiO 2 -CaO-MgO system slag. 26, 27) Based on the above, the corrosion rate of the Al 2 O3-SiO 2 system refractory was calculated from Eqs. (6)- (16), and the results of this calculation were compared with the experimental results.
Comparison of Calculation Results and Experimental Results
In the following, the comparison of the calculation results and the experimental results is discussed. Figure 9 shows the comparison of the calculation results and the experimental results for each refractory. Figure 10 shows the same comparison for the temperature dependence of the corrosion rate.
In both figures, the calculation results were approximately consistent with the experimental results, and it was found that the effects of the refractory material and temperature on the corrosion rate of Al 2 O 3 -SiO 2 system bricks can substantially be reproduced by these calculations.
Here, the calculation results in Fig. 9 will be considered in more detail. Among the mass transfer rate equations in the reaction model constructed in this study, Fig. 11 shows the comparison of the calculation results for the mass transfer rate of Al 2 O 3 with the results for SiO 2 . In these calculations, it was found that the mass transfer rate of SiO 2 was about 2.0 times larger than that of Al 2 O 3 . It is presumed that this difference is attributable to the difference of the mass transfer coefficients of the various components in the slag. When the respective mass transfer coefficients were compared, it was found that the mass transfer coefficient of SiO 2 in slag was high, being 2.0 times larger than that of Al 2 O 3 . In other words, it is thought that the corrosion rate increased when the SiO 2 content in the brick increased because SiO 2 dissolves and diffuses in molten slag more readily. As the rate-controlling step of the corrosion rate of the refractory in this study, it was also determined that the mass transfer of Al 2 O 3 and SiO 2 between the reaction interface and the bulk slag was rate-controlling for the reactions described in Eqs. (3)- (5) . In this study, it was found that the calculation results were approximately consistent with the experimental results for the corrosion rates of various refractories with different Al 2 O 3 contents, and the mass transfer rate of SiO 2 was larger than that of Al 2 O 3 . Based on these facts, it is predicted from the calculations that the overall corrosion rate will increase if the SiO 2 content in the refractory increases. Thus, from the results of this analysis, it can be thought that the corrosion rate of Al 2 O 3 -SiO 2 bricks into CaO-SiO 2 -Al 2 O 3 -MgO slag is determined simply by the sum of the mass transfer rates of Al 2 O 3 and SiO 2 . From above discussion, assumptions b) and c) are considered valid. Furthermore, in this study, the Al 2 O 3 and SiO 2 at the slag/ refractory reaction interface were assumed to be pure at the instant of decomposition, and these substances dissolved into the molten slag. Concerning the decomposition reaction of mullite, the Al 2 O 3 and SiO 2 at the slag/refractory reaction interface were also assumed to be pure in this reaction. The amount of corrosion of each type of refractory was calculated based on these assumptions. The results of the calculations were similar to the experimental results. Because it was possible to reproduce the corrosion rates of Al 2 O 3 -SiO 2 system refractories with different mineral phases by calculation, assumption d) can also considered to be basically valid.
The results of a detailed comparison of the temperature dependence of the corrosion rates in the calculation results and experimental results are shown in Fig. 12 . The physical properties which change accompanying changes in temperature are the viscosity coefficient and the diffusion coefficient. Therefore, calculations were made for three cases:
(1) the case of changing only the viscosity of the slag, (2) the case of changing only the diffusion coefficient and (3) the case of changing both the viscosity coefficient and the diffusion coefficient.
As a result of those calculations, it was found that the effect of the viscosity coefficient on the temperature dependence of the corrosion rate is essentially nil, and it was confirmed that the corrosion rate can be explained almost entirely by the temperature dependence of the diffusion coefficient. It may be noted that the temperature dependency of the inter-diffusivities of CaO-Al 2 O 3 and CaO-SiO 2 in CaO-SiO 2 -Al 2 O 3 -MgO system slag have roughly similar values of 251 kJ/mol and 292 kJ/mol, respectively. 21) From this, however, it was not possible to distinguish whether the temperature dependence of the diffusion coefficient of Al 2 O 3 or that of SiO 2 was the controlling factor for the temperature dependence of the corrosion rate in this study. Figure 13 shows the comparison of the calculation results and the experimental results for the relationship between the corrosion rate and the sample rotational speed. In both cases, the calculation results showed good agreement with the experimental results when the rotational speed was over 150 rpm. Under this condition, it can be understood that the rate-controlling step of the corrosion rate is the mass transfer of Al 2 O 3 and SiO 2 in slag.
However, below the rotational speed of 150 rpm, the calculation results were no longer consistent with the experimental results. In particular, at 0 rpm, the calculated corrosion rate was 0 mm/min. As the reason for this, since the calculations in this analysis were made using a mass transfer rate equation that assumed a condition of forced convection, this result indicates that it is necessary to consider a different reaction mechanism when the rotational speed is less than 150 rpm.
Reaction Mechanism at Low Rotational Speed
First, therefore, the reaction behaviour at 0 rpm was discussed. In this condition, it is thought that the rate-controlling step is the mass transfer of Al 2 O 3 and SiO 2 in slag by natural convection. The mass transfer coefficient under natural convection can be calculated from Eqs. (17)- (19) . [23] [24] [25] 
Sh
Gr The corrosion rate at the rotational speed of 0 rpm was recalculated by applying these equations and the abovementioned Eqs. (6)- (10) . As results of those calculations, a comparison of the experimental results and calculation results of the corrosion rate is shown in Fig. 14 . The experimental results and calculation results are substantially in agreement. Accordingly, these calculations clarified the fact that the mass transfer of Al 2 O 3 and SiO 2 in slag under natural convection becomes the rate-controlling step when the rotational speed of the sample is 0 rpm.
Next, the phenomena that occur under the conditions between 0 and 150 rpm were examined. In considering the reaction behaviour under these conditions, the authors hypothesized the existence of a transition region between natural convection and forced convection (i.e., a mixed condition in which both natural and forced convection exist simultaneously).
H. Tanaka et al. carried out a heat transfer analysis of the flow in a vertical pipe under conditions of natural and forced convection. 34) In that research, the existence of a transition region between natural convection and forced convection was assumed. The boundary condition for the transition from natural convection to the transition region was expressed by Eq. (20) , and that from the transition region to forced convection was expressed by Eq. (21). Originally, these equations define the boundary conditions among natural convection, the transition region and forced convection with regard to heat transfer. However, in transfer phenomena theory, an analogy between heat transfer and mass transfer exists. Therefore, in this study, the authors attempted to calculate the transition region conditions, assuming that Eqs. (20) and (21) are also applicable to the analysis of mass transfer. Figure 15 shows the result of the derivation of the transition region by applying Eqs. (20) and (21) on the previous Fig. 13 . The rotational speed corresponding to the threshold between natural convection and the transition region was calculated to be 44 rpm, and the threshold between the transition region and forced convection was calculated to be 133 rpm. From the above, under the experimental conditions in this study, it is estimated that the reaction in which mass transfer of Al 2 O 3 and SiO 2 in slag is the rate-controlling step will proceed under the condition of natural convection at rotational speeds lower than 44 rpm, under the condition of the transition region at speeds of 44-133 rpm and under the condition of forced convection at speeds over 133 rpm.
Conclusions
The reaction rate (corrosion rate) between Al 2 O 3 -SiO 2 system bricks, which are general-purpose fired bricks, and CaO-SiO 2 -Al 2 O 3 -MgO system slag was investigated, and the effects of temperature, the composition of the refractory and the mass transfer rate in slag (mass transfer of the slag phase) on the corrosion rate of the bricks were investigated.
(1) The corrosion rate decreased as the Al 2 O 3 content in the brick increased. The corrosion rate changed approximately linearly, depending simply on the Al 2 O 3 (Al 2 O 3 / (Al 2 O 3 + SiO 2 )) ratio, and did not depend on differences in the component phases of the bricks.
(2) The effect of temperature on the corrosion rate of Al 2 O 3 -SiO 2 system bricks was clarified quantitatively.
(3) The corrosion rate decreased with decreasing sample rotational speed, that is, decreasing mass transfer of Al 2 O 3 and SiO 2 in the slag phase. However, corrosion proceeded at the rate of 1.3 mm/min even when the rotational speed of the refractory sample was 0 rpm. Regarding this phenomenon, it is thought that the reaction proceeds under a condition of natural convection at low rotational speeds. (4) From an analysis of the experimental results from the viewpoint of transport phenomena theory, with the experimental system in this study, it is considered that the reaction proceeds under a condition in which natural convection is rate-controlling for mass transfer when the rotational speed is lower than 44 rpm, in a transition region between natural and forced convection when the rotational speed is 44 < R≦133 rpm and under a condition in which forced convection is rate-controlling for mass transfer when the rotational speed is over 133 rpm.
